A comparison between the absolute gonioreflectometric scales at the Helsinki University of Technology (TKK) and the Physikalisch-Technische Bundesanstalt (PTB) has been accomplished. Six different reflection standards were measured for their 0∶45 spectral radiance factor between 250 and 1650 nm in 10 nm intervals. Also, the 0∶d reflectance factor between 400 and 1600 nm in 100 nm intervals was determined from goniometric reflectance measurements over polar angles with subsequent integration within the hemisphere above the sample. Goniometric comparisons covering such an extensive wavelength range and also several different sample materials are rarely implemented. For all but one sample, the difference between the results obtained at the TKK and the PTB was, with the exception of a couple of measurement points, within the expanded uncertainty (k ¼ 2) of the comparison at least up to a wavelength of 1400 nm. All differences between the measurement results can be understood, except for one translucent sample in the visible wavelength range. The effect of sample translucency was found to be significant in the NIR wavelength region. Also, a general tendency of an increase of the TKK values relative to the PTB values in the UV region was observed. Possible causes for this phenomenon are discussed.
Introduction
Accurate and reliable spectral diffuse reflectance measurements are important in industrial and research applications where the appearance of products, such as the whiteness of manufactured paper sheets or the finish of car paintings, is of interest. Furthermore, reflectance measurements are needed in remote sensing applications, where information of the terrain can be gathered by measuring the reflectance of solar radiation from the vegetation. In practice, reflectance measurements of diffusely reflecting materials are accomplished predominantly relative to a standard. As the primary standard for this purpose the perfectly reflecting diffuser (PRD) is established, which reflects the incoming radiation loss-free and with ideal Lambertian direction characteristics. The PRD is a theoretical concept only, which cannot be realized experimentally. Since there is no material with these characteristics, the realization of the primary standard is carried out with physical methods, i.e., by the measuring apparatus itself, in the context of an absolute measurement. The transfer of the different scales of reflectance to customers in research and industry is done by calibration of diffuse reflectance standards in the desired reflection geometry traceable to the absolute scale of a National Metrology Institute (NMI) [1] [2] [3] [4] [5] .
The absolute reflection scales are commonly based either on the theory of the integrating sphere or on goniometric measurements [6] . The integrating sphere is a device whose inner surface is coated with a uniform highly-reflective material. The sample to be measured is usually placed on an opening at the sphere wall or at the center of the sphere. The idea is to collect all radiation reflected from a sample onto a detector after multiple reflections from the sphere walls providing 0∶d reflectance geometry. In the notation 0∶d, the first number or letter refers to the angle of the incident radiation relative to the sample normal, and the second number or letter refers to the angle of the reflected radiation. The letter d denotes diffuse condition. Alternatively, the sphere can be used to provide diffuse irradiation and the radiation reflected along the sample normal can be collected in d∶0 geometry.
In gonioreflectometric measurements, the incident angle is fixed, for example, at 0°and the reflected radiation from the sample is collected over a range of reflection angles θ, providing 0∶θ geometry. The 0∶d reflectance factor is then obtained by integration over the hemisphere. The goniometric measurement procedure is slower than the sphere method but it can also provide angularly resolved data, such as radiance factors in θ 1 ∶θ 2 measurement geometries.
The reliability of the reflectance scales of NMIs is usually verified via international comparisons [7] [8] [9] . Within the last four decades, there have not been many reported comparison measurements between gonioreflectometric instruments [10, 11] . Moreover, there are even fewer such comparisons covering the wavelength range from UV to NIR for several different kinds of samples. In this report we present results of a bilateral comparison between the diffuse reflectance scales maintained at the Helsinki University of Technology (TKK), the NMI of Finland for the measurement of optical quantities, and the Physikalisch-Technische Bundesanstalt (PTB), the NMI of Germany. The comparison covers the spectral range from 250 to 1650 nm for six different samples. The realizations of the absolute scales, within the framework of this comparison, of both the TKK and the PTB are based on the gonioreflectometric method [4, 5, [12] [13] [14] .
Instruments and Methods

A. TKK Gonioreflectometer
The TKK gonioreflectometer is presented in Fig. 1 and a detailed description is given in [4, 14] . The device employs two optional light sources: a flatfilament 50 W quartz-tungsten halogen lamp used above 400 nm and a 450 W Xenon lamp used between 250 and 450 nm. The wavelength selection is provided by a double monochromator (DMC) and an imaging system consisting of an off-axis parabolic mirror, a flat mirror, and a polarizer, which are used to collimate, guide, and polarize the measurement beam, respectively. A thin glass sheet directs a fraction of the light onto a monitor detector that is used to compensate for possible fluctuations in the measurement beam. The sample is positioned on a sample turntable for adjusting the incidence angle. The sample turntable is mounted on a linear translator that can be used to move the sample into the beam for reflectance measurements and out of the beam to measure the full intensity of the incident radiation. The detector is placed inside a detector tube, which comprises a lens and a 25 mm aperture, defining the solid angle of detection. The lens focuses the incoming light in such a way that the detector is underfilled. The area of the sample surface viewed by the detection system is larger than the incident beam spot on the sample.
The core element of the gonioreflectometer is a heavy-duty turntable. The detector tube is mounted on a cantilever lying on the turntable. In the beginning of the measurement, the incident beam is measured at the reference position (see Fig. 1 ). Then the detector is rotated to the first measurement position and the reflected signal is measured. The signal expected from the perfectly reflecting diffuser into the same solid angle of reflection is calculated from the measurement of the full intensity signal as explained in [4] . The reflectance is measured in 5°steps from 10°t o 85°relative to the sample normal on both sides of the normal and for both orthogonal polarization states of the beam. The radiance factors are calculated from the measurements by Eq. (1), and the final result is obtained by averaging the values obtained for both orthogonal polarizations:
where Iðθ r Þ is the measured signal at reflection angle θ r and I i is the full intensity signal at the reference position. L is the distance of the sample from the aperture in the detector tube (470:56 mm AE 0:15 mm), D is the aperture diameter (24:998 mm AE 0:002 mm) and η is the gain ratio of the different amplification settings between the reflectance and full intensity measurements. Gain ratio η has been measured for the commonly used amplifications, and the uncertainty of this measurement is treated as the uncertainty component due to amplifier nonlinearity. The 0∶d reflectance factors are then calculated from the radiance factors by spatial integration over the hemisphere
In the measurement program, the integrations in Eq. (2) are replaced by summations, and the calculation is carried out over the measured angles (10°-85°i n 5°intervals). For isotropic uniform samples with no observable texture, this summation corresponds, within ∼0:01% accuracy, to the integration from 5°to 90°in 0:05°intervals, where the radiance factors needed for the integration are interpolated and extrapolated from the measured values by a piecewise cubic hermite interpolating polynomial. The agreement between the summation and the integration from 0°to 90°is within 0.1% for uniform samples. The discrepancies arise mainly from the extrapolation between 0°and 10°, where it is not possible to measure reflectance because the detector would mask the incident radiation. This discrepancy is treated as an uncertainty component in the calculation of the 0∶d diffuse reflectance factor. The TKK gonioreflectometer has been previously characterized and tested for measurements in the visible spectral range between 360 and 830 nm [4] . For this comparison, the device was characterized also for UV and NIR measurements covering the spectral range from 250 to 1650 nm. The components of the measurement system are the same for the whole spectral range apart from the light sources and the detectors used. For UV measurements, the Xenon light source is used and, for VIS and NIR, the quartz-tungsten halogen lamp is employed. A windowless silicon photodiode is utilized in the UV and VIS measurements up to 1100 nm, and a windowless InGaAs photodiode is used in the NIR range from 950 to 1650 nm. Because of chromatic aberrations caused by the extended wavelength range and the singlet lens used in the detection system, the focal length of the lens and, therefore, the image size on the photodiode varies with wavelength (∼20% between 250 and 1650 nm). However, this is not a significant problem since the reflected and incident light are compared to each other within the same wavelength and, thus, the focal length is equal for the reflected and incident beams in the radiance factor calculation for one wavelength.
The uncertainties of the 0∶45 radiance factor and the 0∶d diffuse reflectance factor for the TKK gonioreflectometer are given in Table 1 . The uncertainty components are basically the same as those given in [4] and have been discussed in detail there. All uncertainties have been evaluated according to [15] . The TKK uncertainties are very similar for both 0∶45 and 0∶d measurement geometries. This is because the major uncertainty components in the TKK measurement facility, such as amplifier nonlinearity (nonlinearity between different gain settings), spatial uniformity of the detector, and isochromatic stray light, have the same magnitude for both measurement geometries. The increased uncertainty in the visible spectral range compared to the uncertainty given in [4] is mostly caused by the change of the detector and amplifier. The spatial uniformity of the new silicon detector was unfortunately found to be poorer than that of the previous detector. The old devices had to be discarded because of malfunction.
The increase in uncertainty between 1370 and 1410 nm is related to the lens that is used to focus the incident and reflected light on the photodiode. The lens is not originally meant for measurements in the NIR spectral region. Because of water inclusion and other impurities in the lens, it apparently absorbs light around 1380 nm. Because the lens is thicker in the center, there are more impurities and more absorption in the center than in other parts of the lens. This causes an obvious increase in the measured reflectance values because, when measuring the incident light beam, the beam is collimated and underfills the aperture in front of the lens. However, when measuring the reflected light from a diffusely-reflecting sample, the reflected light is scattered over the whole hemisphere above the sample surface, overfilling the aperture, and a larger area of the lens is illuminated. A greater portion of the incident light is transmitted through the edges of the lens to the detector and the measured reflectance increases. This has been investigated by scanning the incident light beam across the aperture-lens-photodiode combination at 1380 nm. The measured differences in the detector response at a few beam positions relative to the center of the lens were compared with calculated differences obtained by averaging the response over a circle of 17 mm in diameter when assuming a quadratic dependence of the lens transmittance with respect to the distance r from the center of the lens. A good agreement between the measured and calculated results was achieved by adjusting the coefficient of the r 2 term in the lens transmittance. The correction factor at 1380 nm was then determined by calculating the difference between the detector responses for two photon fluxes spread over central areas of 17 and 25 mm in diameter. These are the diameters of the incident beam at the reference position and the aperture in front of the lens (see Fig. 1 ), respectively.
B. PTB Gonioreflectometer
PTB gonioreflectometer with its main components is presented in Fig. 2 , and a detailed description is given in [5, 12, 13] . The facility is comprised of three major parts: a large rotation stage with a diameter of 1500 mm carrying a so called homogeneous sphere radiator as the irradiating source, a five-axis robot arm employed as sample holder, and a triple-grating monochromator for the spectral selection of the reflected radiation. The unfiltered broadband sphere radiator uses a 400 W quartz-tungsten halogen lamp. The angular range of the directed radiation incident on and reflected from the sample relative to the sample normal is 0°to 85°. The aperture angle of the irradiating source is 1:50°(solid angle 2:16 × 10 −3 sr) and the aperture angle of the detection path is 0:32°(solid angle 96:45 × 10 −6 sr), resulting in a highly directional measurement. On the detection side, two-stage mirror-based 10∶1 imaging optics is used to map a 20 mm circular area of the sample onto the 2 mm wide entrance slit of the monochromator. The wavelength range of the facility for calibrations is 250-1700 nm. To cover this wavelength range, four different detectors are used: a solar blind channel photomultiplier (CPM) between 250 and 350 nm, a yellow enhanced CPM between 300 and 450 nm, a silicon photodiode between 350 and 1100 nm, and a cooled InGaAs photodiode (at −25°C) between 1000 and 1700 nm. All the signals are measured with a picoamperemeter and transferred to a computer for data storage and analysis. The radiance factor for a given wavelength is calculated by
where A Q is the area of a precision aperture (A Q ¼ πr 2 , r ¼ 20:001 mm AE 0:003 mm) in front of the sphere radiator, R is the distance between the sample and the radiator (781:8 mm AE 0:3 mm), θ i is the angle of incident radiation, and L r and L i are the reflected radiance of the sample and the incident radiance from the lamp, respectively. The 0∶d reflectance factors at a certain wavelength are derived by spatial integration of the angle dependent radiance factors over the hemisphere basically in the same way as mentioned in Subsection 2.A. The uncertainties of the 0∶45 radiance factor and the 0∶d diffuse reflectance factor for the PTB gonioreflectometer are given in Table 2 . The uncertainties for the 0∶d diffuse reflectance factor are not given below 400 nm because this instrument has not been characterized for these measurements in this wavelength range.
Comparison Samples and Measurements
In total, six samples were measured within the scope of this comparison. Three samples were from the TKK and three from the PTB. The TKK samples were a white Spectralon sample from Labsphere made of sintered PTFE (number SRS-99-020), labeled SP1, with a nominal reflectance of 99%, a white reflection standard from Gigahertz-Optik (commercial name OP.DI.MA, base material sintered PTFE), labeled GO2, with a nominal reflectance of 98%, and a matte white Russian Opal Glass standard of type MC-20, labeled RO1, with a nominal reflectance of 96%. The PTB samples were a white sample made of sintered PTFE, labeled SRS1, with a nominal reflectance of 99%, a matte white Opal Glass standard, labeled OG1, with a nominal reflectance of 96%, and a matte gray ceramic tile, labeled CERAM#39, with a nominal reflectance of about 50%. The reported nominal reflectances refer to the visible spectral range. In the UV region, the spectral shape of reflectance for RO1, OG1, and CERAM#39 is very steep, decreasing strongly below the nominal reflectance. The diameter of all samples is in the order of 50 mm. All samples were measured through the wavelength range 250-1650 nm in 10 nm intervals for 0∶45 geometry. The 0∶d reflectance factor was determined for all samples in the wavelength range 400-1600 nm in 100 nm intervals from the goniometric radiance factor measurements over polar angles by integration over the hemisphere above the sample. Final measurements were performed at the TKK for the TKK samples and at the PTB for the PTB samples, upon their return, to confirm that the reflectance properties of the comparison samples had not changed during the exchange. The return set of measurements were not performed as extensively as the initial set of measurements.
In principle, all samples but the ceramic tile (CERAM#39) are somewhat translucent. The possible effect of translucency in the different measurement facilities was investigated by measuring the radiance factors of all samples with the PTB gonioreflectometer in 45∶0 geometry in standard measurement conditions (conditions during the comparison) and using a 24 mm diameter aperture coated with nonreflecting black paint mounted directly on the sample surface. The purpose of the aperture was to block the incident light outside of the 20 mm diameter central area and thus to eliminate the effect of subsurface scatter into the measurement area. In principle, for a perfectly opaque sample with no translucency these two ways of measurement should not produce a significant difference. All samples were measured at least from 1000 to 1660 nm in 20 nm intervals.
The expanded uncertainty (k ¼ 2) of the comparison was calculated by
where u TKK and u PTB are the standard uncertainties (k ¼ 1) at the TKK and the PTB, respectively. The component u R describes the uncertainty due to a possible change in the sample reflectance properties during the comparison, and component u T is the uncertainty due to translucency to be discussed below. Component u R has been calculated as the difference between the primary and the return measurements, and its value is about 0.002 for samples RO1, SP1, and SRS1 and about 0.0005 for samples OG1 and CERAM#39 in the visible and near infrared regions. For sample GO2, the values of u R are around 0.003. For all samples, u R is somewhat larger between 250 and 500 nm than at the other wavelengths. The values in this range vary between 0.002 and 0.02 depending on the wavelength and sample. For the highly translucent samples RO1 and OG1, the comparison results were corrected by the abovementioned translucency measurements and the uncertainty component, u T , due to translucency was applied in Eq. (4). This component comprises the relative standard deviation of the translucency correction measured with different kind of apertures on the sample and a component corresponding to the difference in the radiance factors measured at the TKK and the PTB due to the effective depth below the sample surface where the reflected radiation is coming from. For a completely opaque sample, the effective depth would be zero and all radiation would be reflected from the surface of the sample, since none would penetrate below the sample surface. The TKK (PTB) results are directly proportional to the square of the distance between the detector aperture and the sample (the sphere radiator and the sample). Because of the different distances, the same effective depth of a sample would cause a difference in the TKK and PTB measurement results, which is not taken into account by the translucency measurements mentioned above. The magnitude of u T is 0.005 (k ¼ 1), mainly caused by the uncorrected effective depth with an estimated value of 2:6 mm based on measurements using an integrating sphere at the PTB with different background materials attached to the rear surface of OG1. The component u T was applied only in the uncertainty calculation of the highly translucent samples RO1 and OG1 in the NIR region.
Results
The 0∶45 radiance factors of all six samples measured at the TKK are presented in Fig. 3 . The spectral shape and the absolute value of the radiance factors agree well with the PTB results within the resolution of this figure. Therefore, the PTB results are not presented in the figure owing to clarity.
The results of the translucency measurements in the NIR spectral region are presented in Fig. 4 . The figure depicts the difference in the 45∶0 radiance factor measured without an aperture on the sample and with an aperture directly on the sample surface. The discrepancies around 1400 nm are related to water absorption and the increase of measurement uncertainty around this wavelength region. The figure shows that the aperture has some kind of effect on the measurements of all samples but particularly on the measurements of the opal glass samples RO1 and OG1. In addition, the effect is greater for sample OG1 than for sample RO1. Also, for all samples except the ceramic tile CERAM#39, the effect of the aperture seems to somewhat increase with increasing wavelength. Again, the increase is significantly stronger for the opal glasses. It is concluded that most of the effect of the aperture is caused by translucency of the RO1 and OG1 samples, but a small effect may be related to the scattering from outside the nominal measurement area.
Figures 5-10 present the differences between the measurements at the TKK and the PTB for the 0∶45 radiance factor and the 0∶d reflectance factor. The label of the ordinate in the figures refers to both the 0∶45 radiance factor and the 0∶d reflectance factor. In the representation, the PTB values are subtracted from the TKK values. The circles in the figures refer to the differences between the TKK and the PTB in 0∶45 geometry, and the squares refer to the differences in 0∶d geometry. The solid lines on both sides of the zero line indicate the expanded uncertainty (k ¼ 2) of the comparison related to measurements in 0∶45 geometry, and the error bars indicate the expanded uncertainty of the comparison for 0∶d geometry. The TKK results have been corrected between 1370 and 1410 nm due to the nonuniformity of the aperture-lens-photodiode combination as explained in Section 2. The magnitude of the correction is 1.0% at 1380 nm, and it matches well with the measured increase in the 0∶45 radiance factor of the spectrally neutral GO2 sample at 1380 nm. The spectral shape of the correction between 1370 and 1410 nm has been taken from the GO2 data, and the same correction has been used to all other samples.
In Figs. 8 and 9 , the 0∶45 data have been corrected due to translucency as explained above and the uncertainties for 0∶45 include the uncertainty component u T due to translucency in the NIR region. The uncorrected 0∶45 data in the NIR region are presented as gray triangles in Figs. 8 and 9 . Results in the 0∶d geometry between 1000 and 1600 nm are not presented for the highly translucent samples RO1 and OG1, since we do not have fully hemispherical translucency correction data and this type of sample clearly has some restrictions for use as a diffuse reflectance standard in the near infrared.
Figures 5-7 show that in 0∶45 geometry the differences between the TKK and PTB measurements of samples GO2, SP1, and SRS1 up to 1400 nm are, apart from a couple of measurement points, within the expanded uncertainty of the comparison. For RO1 and CERAM#39 the differences are, apart from a couple of points, inside the expanded uncertainty in the whole wavelength range (see Figs. 8 and 10 ). For the opal glass sample OG1 (Fig. 9) , the differences are larger in the visible region but the data agree well in the NIR region. For the shortest wavelengths in the UV spectral range, rather large differences are observed for the samples RO1, OG1, and SRS1. are displayed by the solid lines for the 0∶45 geometry and by error bars for the 0∶d geometry. The translucency correction has been applied to the data in the NIR region. Fig. 9 . Sample OG1: difference between the TKK and PTB reflectance factor measurements. The expanded uncertainties (k ¼ 2) are displayed by the solid lines for the 0∶45 geometry and by error bars for the 0∶d geometry. The translucency correction has been applied to the data in the NIR region.
However, in the cases of RO1, OG1, and CERAM#39 also, the radiance factor at those wavelengths is very small, as can be seen in Fig. 3 , going below 0.15 at 250 nm for all three samples and, thus, making them extremely difficult to measure. The differences between the TKK and the PTB for the 0∶d measurements are somewhat larger than for the 0∶45 measurements for all samples but particularly for GO2. However, the differences are mostly within the uncertainty of the comparison for GO2, SP1, SRS1, and RO1 and completely within the uncertainties for CERAM#39. The exception is for OG1, where the differences are outside the uncertainty of the comparison over most of the wavelength range. Figure 11 presents a typical example of the differences in the angular behavior of the two gonioreflectometers; these data are for sample SRS1 measured at the wavelength of 700 nm. Apart from slightly smaller TKK values compared to PTB values, the angular behavior of the TKK and PTB measurement setups is very similar. It can also be seen that the difference between the TKK and PTB results is slightly larger on the positive side than on the negative side.
This phenomenon can be observed for all measured samples, and it suggests that there may be some small angular sample misalignment in the TKK gonioreflectometer.
All measured samples, except GO2, were observed to be uniform. Sample GO2, however, seems to have some surface texture, which is illustrated in Fig. 12 . The figure shows the difference of the radiance factor at 700 nm measured on the positive and negative sides of the sample as indicated in Fig. 11 . The figure also shows how the TKK facility tends to measure smaller values on the positive side compared to the negative side. This is observed also for the other samples, although for the other samples the difference between positive and negative sides is much smaller (∼0:02 at 85°and 700 nm).
Discussion
A. Ultraviolet Region
For all the reflection standards measured in this comparison, the reflectivity decreases below the wavelength of 400 nm (see Fig. 3) . The values for the 0∶45 radiance factor measured at the TKK seem to decrease with a slower slope below 310 nm resulting in a positive value in the difference representation of the results (Figs. 5-10 ) compared to the lower reflection typically measured at the TKK for the other wavelengths. For the opal glass samples RO1 and OG1 and the ceramic tile CERAM#39, this begins even earlier (350 nm). Below 300 nm isochromatic stray light at the TKK facility is partly responsible for the effect. The correction for isochromatic stray light in the TKK facility, discussed in [14] , has been evaluated only down to 300 nm. At lower wavelengths it has been impossible to measure because of low signal-to-noise ratio, and a correction factor for the isochromatic stray light is not applied below 300 nm for the TKK results. This increases the measured reflectance values at the TKK. Between 300 and 350 nm the magnitude of the correction is ∼0:45%. Applying the same correction below Fig. 10 . Sample CERAM#39: difference between the TKK and PTB reflectance factor measurements. The expanded uncertainties (k ¼ 2) are displayed by the solid lines for the 0∶45 geometry and by error bars for the 0∶d geometry. Fig. 11 . Radiance factors as a function of reflection angle for sample SRS1 at 700 nm. Fig. 12 . Radiance factor difference between measurements on positive and negative side for sample GO2 at 700 nm. 300 nm, the radiance factors measured at the TKK would decrease by ∼0:004 in an absolute scale for samples GO2, SP1, and SRS1, but the effect would be close to negligible for the other samples. Another contributing factor is the low signal-to-noise ratio due to the reduced reflectivity of the materials and the low incident beam power in this spectral region. The reflectance values measured at the TKK tend to increase when the signal-to-noise ratio of the incident beam decreases. This has been observed in spectrally flat regions of the visible spectrum when measuring with low incident beam power.
Other possible causes for the larger deviations in the UV region are slight fluorescence from the samples, wavelength accuracy, and bandpass difference between the two facilities, particularly in the steep part of the spectrum. The PTB gonioreflectometer irradiates the samples with polychromatic light and utilizes a monochromator as a spectral discriminating element at the detection side, whereas the TKK gonioreflectometer functions vice versa. This arrangement would eliminate fluorescence from the PTB's measurements at the short wavelengths, provided that the excitation and emission wavelengths do not overlap, but would affect the TKK measurements by increasing the values measured at the TKK. Fluorescence from the sample surface is a probable contributing factor in case of the opal glass samples RO1 and OG1 and the ceramic tile CERAM#39. For these samples, fluorescence has been visibly observed when irradiated with intense short UV radiation at 254 nm from a mercury lamp. Also, earlier studies of photoluminescence of two different types of Russian Opal glass samples [16] support this argument. Both types of Russian Opal (MS-20 and MS-14) had an excitation maximum at 280 nm and an emission maximum at 370 nm [16] . The maximum difference between the TKK and the PTB for sample RO1 is exactly at 280 nm as can be seen from Fig. 8 . Figures 8 and 9 also show that the differences between the TKK and the PTB are clearly larger for the opal glass sample OG1 than for RO1 in all other spectral regions except in the deep UV. Based on an earlier study by the Commission of the European Communities [17] , fluorescence is a probable contributing factor also for this phenomenon. In this study, among other things, fluorescence from BCR opal glass standards was measured relative to a Russian Opal standard of type MC-20 (same type as RO1). Fluorescence from the Russian Opal was stronger than for the other opal glass standards and the excitation maximum was at 280 nm. Also, based on earlier fluorescence measurements with the TKK goniofluorometer [18] , we can estimate that the output power of the TKK Xenon source at 280 nm would be enough to produce a detectable fluorescence signal.
For RO1, OG1, and CERAM#39, the spectral shape in the UV range is steep. This makes the results more sensitive to wavelength accuracy and bandpass. The wavelength uncertainty at TKK and PTB in the UV region is less than 0:2 nm in both facilities. Below 350 nm, a combined wavelength difference of 0:4 nm would cause a difference of up to ∼0:004 in the radiance factor measured at the TKK and the PTB for RO1 and OG1. For CERAM#39 the differences would be at most ∼0:0016, and for the other samples the differences would be negligible compared to the observed differences in the UV range (Figs. 5-7) . The bandpass in the TKK and PTB gonioreflectometers in the UV range is 3.6 and 3 nm, respectively. However, this difference in bandwidth should not be important since in the steep part of the spectrum the radiance factor for RO1, OG1, and CERAM#39 changes quite linearly with wavelength as can be seen in Fig. 3 .
B. Near Infrared Region
For some samples, the measured differences between the TKK and the PTB increase from the visible to NIR spectral region. Also, for all samples but CERAM#39 this effect is clearly wavelength dependent, particularly above 1400 nm. This observation is in agreement with the data in Fig. 4 . Furthermore, the Si diode applied in the visible and UV measurements at the TKK is 10 mm × 10 mm in diameter, whereas the InGaAs diode used in the NIR region is only 5 mm in diameter. This significantly decreases the area of the sample viewed by the diode in the NIR (approximately 3 mm larger than the diameter of the illuminated area on the sample) and makes the measurement results sensitive to alignment. If the detector is slightly misaligned, the InGaAs diode may miss part of the reflected radiation and thus underestimate the reflected signal in the TKK measurements. Another contributing factor for this effect is that different amplifier gains are used in visible and NIR spectral regions at the TKK, introducing a constant uncertainty component to the level of the measured reflectance. The amplifier gains also explain why the differences increase more dramatically in the VIS-NIR transition region for CERAM#39 than for the other samples, as can be seen in Fig. 10 . Different amplifier gains are used for CERAM#39 than for the other samples.
Because of the relatively small area of the sample viewed by the TKK InGaAs detector, sample translucency has a significant impact to the results in the NIR region. In the PTB measurement facility, the sample is over illuminated and a 20 mm area at the center of the sample is mapped on the input slit of the monochromator at the detection system. If a sample is translucent, some of the illuminating light outside this area of 20 mm in diameter around the center may reach the center area through subsurface scattering, thus increasing the measured reflectance. In the TKK facility, a 13 mm diameter area of the sample is illuminated and, for a translucent sample, some of this light may be transported outside this area through subsurface scattering. With the InGaAs diode, some of this scattered radiation will be lost because of the small area viewed by the diode, and the reflection signal is reduced. Figure 4 estimates the effect of translucency on the comparison results. For all samples, the wavelength dependence of these data somewhat resembles the wavelength dependence of the differences between the TKK and PTB results observed in Figs. 5-10. In principle, some wavelength dependence might be introduced also by scattering from outside the nominal measurement area in the PTB gonioreflectometer and by the wavelength dependent focal length of the lens used to focus the light onto the InGaAs diode in the TKK gonioreflectometer. However, regarding the latter effect, within this wavelength range (1000-1650 nm) the 16 mm in diameter area viewed by the diode is reduced only by 0:3 mm. Moreover, the differences for CERAM#39 (Fig. 10 ) do not increase with wavelength and thus the effect of the lens can be considered negligible.
In Figs. 8 and 9 , the comparison results in the 0∶45 geometry have been corrected by the translucency measurements in the NIR range. With this correction, the comparison results of both samples in the NIR range are completely inside the expanded uncertainty of the comparison. It can be seen that the uncorrected difference between the 0∶45 radiance factor measured at the TKK and the PTB is strongly wavelength dependent in the NIR region, but this wavelength dependence completely vanishes with the translucency correction in the case of RO1, apart from the water absorption region around 1380 nm. However, this is not true for OG1, although the wavelength dependence is clearly reduced. This may indicate that the effective depth beyond the sample surface where the reflected radiation is coming from is wavelength dependent for OG1 but not for RO1.
C. Differences in the Measurements of OG1
The uncorrected 0∶45 measurements of OG1 display larger differences between the TKK and the PTB than the other samples (see Fig. 9 ). In the NIR spectral region this is explained by sample translucency as explained above. The magnitude and wavelength dependence of the effect of translucency are stronger for OG1 than for the other samples in the NIR region. However, in the visible region translucency cannot be blamed. In the visible range, the effect of translucency, measured in the same way as in the NIR region, decreases rapidly to zero around 600 nm. Moreover, the diameter of the area viewed by the Si detector in the visible region in the TKK gonioreflectometer is approximately two times larger than the diameter of the area viewed by the InGaAs detector in the NIR region. Therefore, translucency is not expected to cause a significant change in the TKK results in the visible range. One contributing factor might be incomplete depolarization of the reflected radiation by the OG1 sample and the different polarizing properties of the TKK and PTB gonioreflectometers [19] . We investigated this by inserting a polarizer in the detection side of the PTB gonioreflectometer. We measured OG1 in 0∶45 geometry with both orthogonal polarizations and calculated the average. The result of this measurement agreed well with the original result measured without a polarizer. Therefore, it is concluded that differences in polarizing properties between the gonioreflectometers do not significantly contribute to the discrepancies between the measurements of OG1 performed at TKK and PTB. Furthermore, the differences in the results of the OG1 sample cannot have been caused by sample contamination or damage either, since the results of the return measurements at the PTB agree well with the initial measurements. Thus, the deviation between the TKK and the PTB results of the OG1 sample in the visible range remains unexplained.
D. Differences in 0∶d
The differences between the TKK and PTB results in the 0∶d measurements for samples GO2, SP1, SRS1, RO1, and CERAM#39 are mostly inside the uncertainty of the comparison. The differences for the OG1 sample in the visible are equivalent to the differences in the 0∶45 geometry. For sample GO2, the differences in 0∶d are clearly larger than in the 0∶45 geometry. One explanation for this phenomenon is the nonuniformity of the sample described in Fig. 12 . This causes an additional error in the hemispherical integration when calculating the 0∶d diffuse reflectance factor from the angular measurements and assuming cylindrical symmetry.
E. Conclusions
In conclusion, the TKK and PTB gonioreflectometric scales were found to be satisfactorily in agreement within the expanded uncertainty (k ¼ 2) in the spectral range 300-1400 nm. The discrepancies above 1400 nm can be explained by sample translucency and by differences in scattering from outside the nominal measurement area. Overall, translucency may have a significant effect on the reflection measurements, especially for opal glasses. In the future, we plan to investigate the effect of translucency through a more detailed bilateral study.
